We proposed using metal-insulator-metal (MIM) nanorod arrays for subwavelength imaging to improve the resolution based on the notable ability of field confinement of the MIM nanorods. The field distribution of a single Au-SiO 2 -Au nanorod, coupling between two nanorods and image transfer of shaped dipole sources through nanorod arrays were investigated by using the finite-difference time-domain method and compared with the case of Au nanorods. A resolution limit of ~λ/20 of the Au-SiO 2 -Au nanorod array was obtained, which is several times higher than that of the Au nanorod array. 4370-4379 (1972). 17. E. S. Kooij and B. Poelsema, "Shape and size effects in the optical properties of metallic nanorods," Phys.
Introduction
The resolution limitation on the order of the wavelength is always a serious restriction in conventional optical imaging, which is because the high spatial frequency components emitting from the object decay exponentially and cannot contribute to the imaging. In recent years, researchers have made some progress in preserving the evanescent components to achieve subwavelength imaging. Pendry proposed that a slab of negative refractive index material can act as a so-called superlens and suggested a practical scheme at optical frequencies such as utilizing a planar silver film in the near field condition, for which only a negative permittivity is necessary [1] . This scheme was experimentally demonstrated soon after [2, 3] . Another development is the proposal of a kind of anisotropic metamaterial, which has a structure of alternating layers with permittivity of opposite signs and a hyperbolic dispersion. The superlens of this metamaterial can not only transmit the evanescent wave but also magnify the image to be resolved by the conventional optical microscope if the surface of the superlens is curved [4] [5] [6] . Experiments based on this proposal at optical frequencies were also reported lately [7, 8] . In these experiments, both the silver film and metamaterial superlenses are dependent on the negative permittivity of the metal at the optical frequency and can be understood as based on the surface plasmon (SP) resonance with the evanescent wave on the surface of the metal layer [2, 4, 7] .
Besides the above mentioned superlenses, another approach of subwavelength imaging has been proposed [9] [10] [11] , which is using metal nanorod arrays to transfer the near-field information of the object point by point from one end to the other of each nanorod. The transmission of the evanescent wave is based on the surface plasmon resonance along the metal nanorods. Furthermore, if an array is arranged tapered, it can also realize image magnification [10, 11] .
For the nanorod array imaging, the resolution, i.e. the pitch of the array, is limited by the electromagnetic field distribution outside the nanorods, which will cause the coupling between them if they are too close. So to obtain a higher resolution, the field extent of a rod must be reduced. For this purpose, here we propose a kind of nanorods of metal-insulatormetal (MIM) structure, which are like the well known MIM slab or slot SP waveguides [12] [13] [14] but different at aspects that the width of the waveguide and the thickness of the metal layers are limited. The MIM nanorods are expected to have the same ability as the MIM slab or slot waveguides that confining most of the electromagnetic field in the insulator core with only a small fraction distributing outside. Then arrays composed of MIM nanorods could be used to improve the resolution for subwavelength imaging. In this paper, we numerically investigated the SP modes and field distribution of a single MIM nanorod and coupling between two nanorods. Subsequently, the imaging property of the MIM nanorod array was presented. At the same time, metal nanorods and metal nanorod arrays were investigated for comparison. The finite-difference time-domain (FDTD) method [15] was employed for the calculations. The results indicate that the resolution can be improved several times with the MIM nanorod array.
Field distribution of one nanorod and coupling between two nanorods
The transverse cross sections of a MIM nanorod and a metal nanorod are shown in Fig. 1 . In Fig. 1(a) , one 5-nm-thick SiO 2 layer is sandwiched between two 10-nm-thick Au layers. With the width of 25 nm, they form a square cross section. The Au nanorod in Fig. 1(b) has the same square cross section as the MIM nanorod with the side length of 25 nm. The dielectric surrounding the rod is assumed as vacuum in this work. We set the axes as in the figures: the z axis is along the central line of the rod and the x axis perpendicular to the upper side of the rod. In the calculation, the unit cell sizes are 1×2.5×2.5 nm 3 and 2.5×2.5×2.5 nm 3 for the MIM rod and Au rod, respectively. The dielectric constant of SiO 2 is set as 2.25 and Au is set as a Drude model [15] ε ( ω ) =ε ∞ +( ε s −ε ∞ ) /( 1 −iω τ ) +i σ/( ε 0 ω ) , where ε 0 is the vacuum permittivity, ε ∞ is infinite frequency permittivity, ε s is static permittivity, τ is relaxation time, and σ is conductivity. The values ε ∞ =7.9553, ε s =−15019, τ =9.1744×10
-15 s, and σ=1.4503×10 7 S/m are obtained from fitting to the experimental bulk dielectric constant of Au [16] for the range of 700-1100 nm. It should be mentioned that the physical meaning of the parameters are not important provided that the dielectric constant given by the formula is correct. The actual dielectric constant of Au may be a little different from the bulk one because the transverse sizes of the Au layers are comparable to the electron mean free path of Au [17] , but this will not result in any substantial effects on the results. There are two SP modes of the MIM nanorod: symmetric and antisymmetric mode. Here the "symmetric" and "antisymmetric" are consistent with the definition for the MIM slab waveguide [13] , which means the symmetry of the electric field component E x with respect to the y-z plane. For the antisymmetric mode, the field distributes mainly outside the rod [14] , not conforming to our requirement. In this work, we only consider the symmetric mode of the MIM rod. Figure 2 shows the excitation of a single MIM rod and a single Au rod. The source is a electric dipole located on the central line and 5 nm away from the left end of the rod at a free-space excitation wavelength of 830 nm, which is an FDTD mesh edge connected with a 1-Ampere current source at optical frequency and a 50-Ω resistance in parallel. There is no feedback of the excited modes of the nanorods to the dipoles. The dipole is x-polarized for the MIM rod to excite the symmetric mode or z-polarized for the Au rod as in [9] . To obtain SP resonance on the rod, the length of the rod must be an integral multiple of half wavelength of the SP. Here we have adjusted the lengths of the MIM rod and Au rod as 172.5 and 790 nm, respectively, so that there are four half SP wavelengths along the rod (forth order resonant mode) at 830 nm for both the two cases. In this paper, the electric field magnitudes shown in the figures are normalized to the electric field magnitudes at the positions where the centers of the far-ends of the nanorods is located but when the rods are absent, which are 1.02×10 4 and 7.15×10
Figures 2(c) and 2(d) are the same as Figs. 2(a) and 2(b), respectively, but for the Au rod. As predicted, for the MIM rod, the field is intensively concentrated in the SiO 2 layer. Oppositely, for the Au rod, most of the field distributes outside the rod. In practical applications, the antisymmetric mode of the MIM rod may be excited together with the symmetric mode by the near field source, but the antisymmetric mode is not resonant on the rod of the specific length for symmetric mode resonance because these two modes have different SP wavelengths. In the case of Fig. 2(a) , we additionally set a z-polarized dipole at the same position with the same amplitude and frequency as the x-polarized dipole, and the result shows that the field distribution is mostly dominated by the symmetric mode. For nanorods that are arrayed parallel to the z direction, the z component of electric field, E z , plays a major role in the coupling between them. Figures 3(a) and 3(b) show the |E z | distributions in the cross sections at the positions of the second wave loop of the E z standing wave of the MIM nanorod and Au nanorod, which are denoted by the arrows in Figs. 2(a) and 2(c), respectively. For the MIM rod, |E z | attains the maximum at the inner sides of the Au layers and decays away rapidly. While for the Au rod, |E z | attains the maximum at the outer sides of the rod and the decay is slower than for the MIM rod. Figure 3(c) shows the |E z | profiles on the dashed lines in Figs. 3(a) and 3(b) . L1 and L3 are on the x axis and L2 is tangent to the upper side of the MIM rod. For comparison, the three curves were rescaled so that the |E z | values at the rod edges are equal to 1. For the MIM rod, the full widths at 1/e are 44 nm and 41 nm along the x and y directions, respectively. While for the Au rod, the full width at 1/e is 103 nm along each direction. We define the mode area as the product of the full widths at 1/e along the x and y directions, then the mode area of the MIM rod is 1804 nm 2 , about 1/6 of that of the Au rod, which is 10609 nm 2 . These results indicate that the ability of field confinement of the MIM nanorod is much better than that of the Au nanorod. It is also seen in Figs. 2 and 3 that the electric field enhancement of the MIM nanorod is larger than that of the Au nanorod. This can be attributed to the more intense field concentration in deep subwavelength volumes of the MIM nanorod. Next, we calculated the coupling between two identical nanorods when they were placed parallel. Figure 4(a) shows the distribution of electric field magnitude in the plane across the central lines of two MIM rods with only one dipole lying 5nm away from the left end of the upper rod. The corresponding top-views of the two rods on the left side denote the arrangement patterns of them and for each pattern the separation of the two rods is 20 nm. It is seen that for both patterns, seldom electromagnetic energy is coupled from the upper rod to the lower one, showing that the field at the lower rod is far weaker than at the upper one. Figure 4 (b) is the same as Fig. 4(a) but for two Au rods with a separation of 120 nm. In this case the fields at the right ends of the two rods are nearly equal. Obviously, the coupling efficiency between the Au rods is much higher than between the MIM rods, although the rod separation of the former is 6 times as large as that of the later. This remarkable difference exactly results from the better confinement and smaller spatial extent of the field of the MIM structure.
Subwavelength imaging through MIM nanorod arrays
Based on the above analysis, arrays of periodically arranged nanorods were formed and their imaging properties were investigated. Figure 5(a) shows the configuration of a MIM nanorod array. The arrangement is tetragonal, for the cross section of the rod is square, with a pitch of 45 nm. The point sources are located under the array shaped as the letter "P" and each one is on the central line of a rod. All the point sources are x-polarized and in phase. Here the point sources are set coherent since lasers are the usual light sources in most applications. Figures  5(b) -5(e) show intensity distributions in four planes perpendicular to the z axis, which are the bottom and the top cross sections of the array, the ones 10 nm and 20 nm above the array, respectively. In the first three planes, the shape of "P" is maintained point by point, although it becomes distorted in the forth plane. Therefore, the image formed by the point sources is transferred through the array from its bottom to its top. We also show the intensity distributions in the cross sections at the top of and 10 nm above two MIM nanorod arrays with a 40 nm pitch and a 35 nm pitch in Figs. 5(f)-5(i), respectively, and the other parameters are as in Fig. 5(a) . In the case of 40 nm pitch, even though the coupling between adjacent rods is somewhat more intense than in the case of 45 nm pitch, the image of "P" in the plane 10 nm above the array is still distinct enough. But In the case of 35 nm pitch, the coupling between adjacent rods becomes further more intense so that the image of "P" in the plane 10 nm above the array is obscured by the background and a little distorted. So we conclude that the resolution limit that the MIM nanorod array can achieve is 40 nm, which is about 1/20 of the light wavelength. For comparison, Fig. 5(j) shows the calculation result of the intensity distribution in the top cross section of an Au nanorod array with the same scheme as the MIM nanorod arrays except that the pitch is 145 nm and the dipoles are z-polarized. As can be seen, the image of "P" is no more maintained in this case. This is because the coupling between adjacent rods is so serious that the rods are not independent from each other. These results verify our expectation that the MIM nanorod array can achieve imaging with a smaller pitch than the metal nanorod array and hence realize a higher spatial resolution. 
Effect of variation of the MIM nanorod geometry on the SP mode
We now consider the effect of variation of the MIM nanorod geometry on the SP mode. Figures 6(a)-6(c) show the SP wavelength, the propagation length and the mode area at the free-space excitation wavelength of 830 nm as a function of the SiO 2 thickness, respectively, with other parameters as in Fig. 1(a) . Like for the MIM slab [12] or slot [14] waveguide, all the three mode characteristic parameters in Figs. 6(a)-6(c) increase with increasing SiO 2 thickness. The MIM structure results in strong shortening of the SP wavelength and propagation length, i.e. the SPs become slow [18, 19] , which becomes crucial when the SiO 2 thickness is a few nanometers, so the MIM nanorod exhibits very strong field confinement and enhancement. This phenomenon has been experimentally demonstrated [20] and can be interpreted with the "electrostatic regime" [21, 22] , which is the physical origin of the high resolution of the MIM nanorod array: each nanorod behaves as if it were alone although separated by only 40 nm (see Fig. 5 ). The effect of varying the thickness of the Au layers was also investigated and analogous results were obtained that as the Au thickness increases, both the propagation length and mode area increase. This indicates that a smaller mode area is always accompanied by a shorter propagation length. From the view point of practice, the thicknesses of 5 nm and 10 nm are almost the lower limits for SiO 2 layer [13] and Au layer, respectively. So the geometry in Fig. 1(a) corresponds to almost the smallest mode area that can be realized for the MIM nanorod. In this case, the propagation length is less than 0.2 µm as shown in Fig. 6(b) . However, it is proposed in [11] that long distance imaging can be realized without significant loss by using a stacked arrangement of layers of unit nanorod arrays, because the imaging is via the SP resonance on the unit nanorods and the coupling between adjacent layers rather than the long distance propagation of SP along long nanorods. Obviously this approach is still valid for the MIM nanorod arrays. Fig. 1(a) .
Conclusion
We have numerically demonstrated that the Au-SiO 2 -Au nanorod confines the electromagnetic field inside the rod more effectively and has a smaller field extent than the Au nanorod. The mode area of the Au-SiO 2 -Au nanorod is about 1/6 of that of the Au rod. According to the simulations of imaging through the Au-SiO 2 -Au and Au nanorod arrays, for coherent light sources, the resolution limit of the Au-SiO 2 -Au nanorod array, which is 40 nm (~λ/20), is several times smaller than that of the Au nanorod array. This exhibits the great potential of the MIM nanorod array for improving the resolution of subwavelength imaging. In addition, the large electric field enhancement of the MIM nanorod suggests the applications of the MIM nanorod array in surface enhanced Raman scattering [23, 24] .
